Cilia project from cells as membranous extensions, with microtubule structural cores assembling from basal bodies by intraflagellar transport (IFT). Here, we report a ciliary role for the inositol 1,3,4,5,6-pentakisphosphate 2-kinase (Ipk1) that generates inositol hexakisphosphate. In zebrafish embryos, reducing Ipk1 levels inhibited ciliary beating in Kupffer's vesicle and decreased ciliary length in the spinal canal, pronephric ducts, and Kupffer's vesicle. Electron microscopy showed that ciliary axonemal structures were not grossly altered. However, coincident knockdown of Ipk1 and IFT88 or IFT57 had synergistic perturbations. With GFP-Ipk1 enriched in centrosomes and basal bodies, we propose that Ipk1 plays a previously uncharacterized role in ciliary function.
I
nositol signaling pathways constitute intracellular communication networks that coordinate cell growth, differentiation, death, and metabolism. Following the classic signaling paradigm, activation of cell surface receptors by extracellular stimuli results in altered lipid and soluble inositol polyphosphate (IP) levels (1). Lipid-anchored phosphatidylinositol 4,5-bisphosphate is the effective starting point for soluble IP production, with regulated hydrolysis by phospholipase C producing two essential signaling molecules, diacylglycerol and soluble inositol 1,4,5-triphosphate (IP 3 ) (2). IP 3 is sequentially phosphorylated to produce inositol tetrakisphosphate isomers, inositol 1,3,4,5,6-pentakisphosphate (IP 5 ), inositol hexakisphosphate (IP 6 ), and inositol pyrophosphates (3) . The functions, targets, and roles in development and disease for many of the IPs are unknown.
Recently, we reported that zebrafish embryos depleted of the IP 5 2-kinase (Ipk1), which catalyzes IP 6 synthesis, fail to execute proper left-right (LR) body placement of organs like the liver, pancreas, and heart (4). Strikingly, a reduction in the left-biased intracellular Ca 2ϩ flux was coincidentally observed in cells surrounding the ciliated Kupffer's vesicle (KV), a structure orthologous to the mouse node. Others have documented roles for motile cilia in initial events establishing the LR body axis and in generating counterclockwise fluid flow in the node (5) . In zebrafish embryos, alterations in proper KV morphogenesis, ciliary motility, and directional fluid flow all perturb LR asymmetry (6, 7) . Two mechanisms have been proposed for the initiating event that results in asymmetric gene expression. One, cilia-driven fluid flow results in a morphogen concentrating toward the nodal left side to influence intracellular signaling (5) . Two, fluid flow results in directional bending of mechanosensor immotile cilia in the node that triggers a left-sided asymmetric Ca 2ϩ flux (8) . Both mechanisms are based on a crucial role for nodal ciliary function.
Cilia project from many eukaryotic cell types as membranous extensions with a microtubule-based central core termed the axoneme. Microtubule nucleation and organizing centers for the ciliary axonemes are basal body structures, derived from centrioles (9, 10) . Motile cilia have an axoneme with nine microtubule doublets, two central microtubule singlets, radial spokes linked to the microtubules, and inner and outer dynein arm motors (10), termed canonical ''9 ϩ 2'' structures. Ciliary beating results from the sliding of outer microtubule doublets relative to one another, powered by the motor activity of axonemal dynein (11) . In contrast, nonmotile, sensory cilia do not have two central microtubule singlets or dyneins, termed a ''9 ϩ 0'' axonemal type. Mouse nodal cilia have been observed with both 9 ϩ 0 and 9 ϩ 2 axonemes (5, 12, 13), reflecting proposed populations of motile and immotile cilia (8) . Zebrafish KV cilia have a reported 9 ϩ 2 axoneme (6). Ciliary assembly, motility, and maintenance depend on bidirectional intraflagellar transport (IFT) along axonemal microtubules (9, 14) and involve anterograde kinesin-2 motors and retrograde dynein motors.
Here, we have analyzed further the mechanism for LR asymmetry defects in zebrafish embryos with altered Ipk1 levels and perturbed IP production. We report an unidentified role for Ipk1 in ciliary beating and length maintenance and propose that Ipk1 is an important component of the basal body with IP production mediating ciliary function.
Results and Discussion ipk1 Knockdown Reduces Ciliary Beating and Length.
In our previous studies of ipk1 function, we analyzed loss-of-function phenotypes by injecting cleavage-stage zebrafish embryos with an antisense morpholino oligonucleotide (MO) that blocks ipk1 mRNA translation (ipk1 MO1 embryos) (4). The ipk1 MO1 effects were specific and directly altered IP 6 production in vivo. We did not detect gross changes in KV morphogenesis or global KV cilia number in the ipk1 MO1 embryos (4). However, we did not directly assay ciliary beating or cilia function. Because Ca 2ϩ flux in cells surrounding the KV was altered and LR asymmetry randomized (4), it was critical to more fully analyze ciliary functions and structures.
First, we compared KV ciliary beating in uninjected and ipk1 MO1 embryos. In wild-type embryos, cilia beat with a vortical motion in a counterclockwise orientation at a frequency of 12.95 Ϯ 2.21 Hz (n ϭ 6) [ Fig. 1A and supporting information (SI) Movies 1 and 2]. In contrast, in ipk1 MO1 embryos, cilia quivered in a vibration-like motion devoid of counterclockwise rotation ( Fig. 1 A and SI Movies 3 and 4). In kymographs (Fig. 1B) , the time-space trajectories for a cilium in an uninjected embryo showed deflections at regular intervals. However, the cilium in ipk1 MO1 embryos had a straight-line trajectory with no significant deflection (Fig. 1B) . Thus, in contrast to our prior specu-lation (4), the cilia in ipk1 MO1 embryos are functionally perturbed and do not show ciliary beating.
To directly test whether the kinase activity of Ipk1 is required for ciliary beating, we performed a series of complementation experiments. Synthetic mRNA encoding wild-type Ipk1 or a kinase-dead (kd) Ipk1 was engineered that lacked recognition by the ipk1 MO1 . Ciliary beating was measured in the KV of embryos coinjected with the ipk1 MO1 and wild type ipk1 or kd-ipk1 mRNA. Significantly, the ciliary beating defect in ipk1 embyros was rescued by coinjection of wild-type ipk1 mRNA ( Fig. 1 A and B and SI Movies 5 and 6). However, coinjection of mRNA encoding the kd-Ipk1 failed to complement ( Fig. 1 A and B and SI Movies 7 and 8). As controls, synthetic mRNAs were coinjected with a five-mismatch control MO, and no apparent change in ciliary beating was observed (SI Movies 9 and 10). Thus, Ipk1 kinase activity is critical for ciliary beating.
Second, we quantitatively analyzed ciliary length in the KV and other ciliated organs. To do this, we performed wholemount anti-acetylated tubulin immunocytochemistry on 12-hafter-fertilization (hpf) [eight-somite stage (SS)] (for KV) and 30 hpf (for pronephric duct and spinal canal) embryos ( Fig. 1D and SI Fig. 5 ). In ipk1 MO1 embryos, we observed a dose-dependent, statistically significant decrease in KV ciliary length ( Fig. 1C and SI Table 1 ). KV ciliary length decreased Ϸ46% when 10 ng of ipk1 MO1 was injected per embryo. In contrast, 10 ng injection of a five-mismatch control MO had no effect. This length defect was not apparent in our previous studies (4) wherein no more than 7.5 ng of the ipk1 MO1 was injected per embryo. With 10 ng of the ipk1 MO1 , we also detected Ϸ27% length decrease in pronephric duct and spinal canal cilia (Fig. 1C) . We conclude that Ipk1 plays a key role in ciliary length maintenance in multiple organs. A role for an enzyme in the soluble IP production pathway in ciliary beating and length control has not been previously reported.
Decreased ciliary length in Ipk1-depleted embryos could result from a delay in embryonic growth and development. As controls, we examined expression of three different genes required during zebrafish segmentation that have no role in LR asymmetry: krox20, a Zn-finger transcription factor expressed during segmentation (15) , myoD, a member of myogenic basic helix-loop-helix (bHLH) family of transcription factors expressed in developing somites (16) , and deltaC, a cyclic gene encoding a Notch ligand expressed in presomitic mesoderm and the posterior half of each somite (17) . Expression patterns of these genes were indistinguishable between control MO and ipk1 MO1 embryos (SI Fig. 6 ). These results correlate directly with our prior analysis of expression for the nodal-related gene southpaw (4). The ipk1 MO1 injection does not alter early bilateral southpaw expression in paraxial mesoderm precursors. However, ipk1
MO1 injection perturbs the asymmetric expression of southpaw during 15-16 SS, when it is expressed in the left LPM, preceding fully randomized expression at 22 SS (4). Altogether, Ipk1 depletion altered early LR-specific expression of southpaw without perturbing expression of krox20, myoD, and deltaC. These results indicate that Ipk1 depletion did not indirectly alter the developmental timing. We conclude that the ciliary defect observed in ipk1 MO1 embryos is specific to Ipk1 function in cilia.
Normal Ciliary Axonemal Organization Is Not Perturbed in Ipk1-
Deficient Embryos. To further investigate the ciliary defects, we examined cilia ultrastructure in ipk1 MO1 embryos by thinsection transmission electron microscopy (TEM). For KV cilia, TEM was performed on 11.5-hpf embryos, whereas 24 hpf embryos were used for pronephric duct and spinal canal cilia. No difference in the ultrastructural organization of KV cilia was noted between the wild-type and ipk1 MO1 embryos ( Fig. 2  A and B) . Microtubule tracks in the KV cilia were visible in the longitudinal sections in both sets of embryos ( Fig. 2 C and D) . The ciliary ultrastructures in the pronephric duct (Fig. 2 E-G) and spinal canal ( Fig. 2 H and I) were also not markedly altered in ipk1 MO1 embryos. There were inner and outer dynein arms visible on the microtubule doublets in both sets of embryos ( MO1 embryos might harbor undetectable subtle perturbations of ciliary structure and spacing of dynein arms, the loss of Ipk1 activity did not grossly alter the overall framework for ciliary axonemal organization. showing trajectory of a cilium in uninjected, ipk1 MO1 -injected, ipk1 MO1 plus wild-type ipk1 mRNA-injected, or ipk1 MO1 plus kinase-dead (kd) ipk1 mRNA-injected embryos. (C) Graphs for measurements of ciliary length from individual embryos (green), with the mean ciliary length (far right, purple) determined from multiple independent measurements for KV (n Ͼ 26), pronephric duct (n Ͼ 13), and spinal canal (n Ͼ 14) cilia. (D) Representative images of KV cilia (red) from embryos injected with 10 ng of either control MO or ipk1 MO1 . n, number of cilia measured per embryo.
Codepletion of Ipk1 and Either IFT88 or IFT57 Has Synergistic Effects
on LR Asymmetry Establishment. Several possibilities existed by which Ipk1 and IP production might affect ciliary beating and length regulation, including reduced ciliary IFT and/or axonemal dynein motor activity. LR defects result from mutations in genes encoding microtubule motor proteins involved in either ciliogenesis, such as Kif3a (18, 19) , Kif3b (12) and Tg737/Polaris (IFT88) (20) , or ciliary motility, such as LR dynein (Lrd) (21) . Blocking IFT inhibits tubulin incorporation at the tip of cilia and results in cilia shortening (14, 22) . MO-mediated knockdowns of either the ift88 or ift57 genes perturb normal LR asymmetry and ciliary length in multiple organs (including KV and the pronephric duct) without altering normal ciliary 9 ϩ 2 organization (6, 23 MO that individually had negligible effects on LR asymmetry (SI Fig. 7) . Interestingly, combining the suboptimal concentration of ipk1 MO1 with that for ift88 MO or ift57 MO resulted in a highly significant percentage of randomized heart laterality (Fig.  3A) . In contrast, coinjecting the control MO with ift88 MO or ift57 MO did not perturb normal heart laterality (Fig. 3A) . We also tested the effect of injecting suboptimal concentrations of ipk1 MO1 into embryos obtained from a cross of heterozygous ift88 mutant fish (previously known as polaris or oval) (24). The ift88 ϩ/Ϫ embryos injected with ipk1 MO1 had a significantly greater percentage of laterality defects than either the ift88 ϩ/Ϫ embryos injected with the control MO or wild-type embryos injected with ipk1 MO1 (Fig. 3B) . These findings suggest that Ipk1 and IFT88/IFT57 act on the same or parallel pathways underling LR asymmetry establishment. To test whether Ipk1 plays a role in general microtubule-based motor protein transport, we used a model system for monitoring organelle dynamics and assayed microtubule-dependent transport of melanosomes in zebrafish larvae (25) . Melanosomes are pigment-containing vesicles that travel bidirectionally along microtubule tracks. Their anterograde movement (toward microtubule plus-ends with dispersion to the cell periphery) is accomplished by proteins of the kinesin superfamily, with their retrograde movement (toward microtubule minus-ends and retraction to the cell center) achieved by dynein and dyneinassociated proteins (25) . Retraction of melanosomes to the cell center is stimulated by epinephrine, whereas melanosome dispersion to the cell periphery is induced by caffeine treatment (26, 27) .
We measured the rates of melanosome retraction and dispersion in wild-type and ipk1 MO1 embryos. The epinephrineinduced retraction was 3-fold delayed in ipk1 MO1 embryos (Fig.  3 C and D and SI Table 2 ), reflecting perturbation of dyneindependent retrograde transport. Kinesin-2 dependent anterograde transport was less altered, with a modest 1.2-fold delay in caffeine-induced dispersion (Fig. 3 C and D and SI Table 2 ). We conclude that Ipk1 is also required for microtubule-dependent organelle transport. This mechanism might be independent of the Ipk1 role in ciliary function; however, other proteins with roles in both ciliary IFT and such organelle transport have been reported (see below) (26) .
Ipk1 Is Enriched in Centrosomes and Basal Bodies.
We next examined the cellular distribution of an ectopically expressed GFP-tagged Ipk1 in different model cell-culture systems. In HeLa cells, GFP-Ipk1 was ubiquitously distributed throughout the cell and enriched in distinct perinuclear foci (Fig. 4A) . Colocalization experiments showed that GFP-Ipk1 foci overlapped with the staining for two established centrosomal proteins, ␥-tubulin and pericentrin (28, 29) (Fig. 4 A-D) .
In two ciliated cell types (LLC-PK1-C14 and MDCK cells), the GFP-Ipk1 signal was enriched at the cilium base, with the foci localized at only one end of the ciliary axoneme (as detected with acetylated tubulin) (Fig. 4 E-H and SI Fig. 8 ). The GFP-Ipk1 did not colocalize in the ciliary axoneme itself. Instead, GFP-Ipk1 localization signal overlapped with that of antipericentrin (Fig.  4 I-L) . We also examined GFP-tagged human Ipk1 and found that the localization was identical to that for the zebrafish GFP-Ipk1 (data not shown). We concluded that GFP-Ipk1 is concentrated in both centrosomes and the ciliary basal body structure.
To examine whether Ipk1 has a centrosomal structural role, we monitored the localization of the bona fide centrosomal component ␥-tubulin (29) in Ipk1-depleted embryos (12 hpf). We did not observe any difference in the centrosomal localization of ␥-tubulin between ipk1 MO1 and control MO-injected embryos (SI Fig. 9) . The difference between the mean fluorescence of the anti-␥-tubulin signals from these two sets of embryos was statistically insignificant (P ϭ 0.7835; SI Fig. 9 ). This suggests that Ipk1 depletion does not grossly perturb centrosomal structure/organization.
Conclusions and Implications
Here, we document defective ciliary beating and length maintenance in the KV of ipk1 MO1 embryos. We also find that GFP-Ipk1 localizes to the base of the cilium at basal bodies, and codepletion of Ipk1 and IFT proteins synergistically perturbs LR asymmetry. This defines a previously uncharacterized role for Ipk1 in ciliary function. There are several potential mechanisms by which Ipk1 could influence ciliary function. We speculate that Ipk1 regulates factors directly related to ciliary motor function in the KV cells. Because Ipk1 knockdown results in perturbed IP production (4), we conclude that the Ipk1 kinase activity is required in this mechanism. This is further supported by our results showing that the kinase-dead ipk1 mRNA did not complement the ipk1 MO1 ciliary beating defect. It is also possible that the Ipk1 protein itself is independently necessary. Because GFP-Ipk1 is not enriched in the axoneme, it is likely not an IFT or structural axonemal protein. However, soluble IPs might access the axoneme. IPs and IP 6 itself are known to directly modulate protein activity through IP binding (3, (30) (31) (32) . We predict that Ipk1, IP 6 , and/or soluble IPs contribute to IFT by acting as a cofactor for an IFT, cilia, or basal body protein and allowing for their optimal activity.
There is some evidence that centrosomes contain specific RNAs (33) . Ipk1 was first discovered in a Saccharomyces cerevisiae genetic screen for factors required in mRNA export and nuclear pore complex (NPC) function (34) . The NPC is a large macromolecular assembly embedded in the nuclear envelope (35) of which multiple protein subunits share structural folds in common with proteins of clathrin-coated vesicles (36) (37) (38) . Intriguingly, proteins of the IFT complex are also homologous to these same coated vesicle components (38, 39) . Thus, Ipk1 and IP 6 production might play similar roles at both the NPC and in cilia. At the NPC, IP 6 stimulates the RNA-dependent ATPase activity of the DEAD-box protein Dbp5 in a Gle1-dependent manner (30, 32) . This activation of Dbp5 is required for remodeling of the RNA-binding protein composition of exported mRNA-particles (40) . Our localization of GFP-Ipk1 to centrosomes and basal bodies makes it tantalizing to consider that IP 6 production by Ipk1 might regulate a putative centrosomal RNA component. Identifying the Ipk1 or IP target in basal bodies or cilia is a future goal.
Localization of GFP-Ipk1 to the basal body suggests it either participates in ciliogenesis or mediates communication between the cilium and cell interior. A role for centrosomal proteins in ciliogenesis has been reported (41) . Of note, aside from shorter length and lack of KV ciliary beating, cilia develop normally in the ipk1 MO1 embryos, with their overall density and abundance not affected. It is possible that Ipk1 regulates initial cilia assembly but that either the maternal Ipk1 transmission or a hypomorphic MO-mediated gene knockdown provides sufficient Ipk1 for initial cilia assembly but not for ciliary function.
The lack of KV ciliary beating in the ipk1 MO1 embryos correlates directly with our prior studies showing the lack of left-biased Ca 2ϩ flux at the KV in the ipk1 MO1 embryos (4) . To date, all reports of nonbeating nodal cilia mutants show defects in LR asymmetry establishment (reviewed in ref. 5 ). In addition to regulating ciliary beating, Ipk1 could independently contribute to Ca 2ϩ signaling and cell-cell communication across multicellular fields in the embryo. Interestingly, ipk1 expression is not detected in the KV, but only in cells surrounding the KV (4). The ipk1 expression levels in the KV could be below the detection limit of in situ hybridization assays, and Ipk1 is present in the KV cells. Alternatively, if Ipk1 is only in the surrounding cells, this indicates potential nonautonomous regulation of KV ciliary function.
Recent studies have shown that the knockdowns of zebrafish Bardet-Biedl syndrome (BBS) genes disrupt LR asymmetry, KV formation and ciliary maintenance as well as retrograde transport of melanosomes (26) . These BBS phenotypes have clear parallels with the ipk1 knockdown phenotype. Interestingly, GFP-Ipk1 localization at centrosomes and basal bodies is also similar to that reported for the BBS4 and BBS8 proteins (42) . We propose that the functions of Ipk1 and of the protein(s) encoded by the BBS gene(s) might be linked to a common mechanism in ciliary function. A wealth of prior studies suggest that the pathologies observed in LR asymmetry defects and polycystic kidney disease are linked to perturbations in the formation or function of cilia (11, 14) . Our findings connecting Ipk1 and soluble IP production to such an important cellular organelle might facilitate our understanding of the mechanisms underlying ciliary function and cell signaling, and impact therapeutics for these diseases.
Methods

Morpholino Antisense Oligonucleotides and Complementing mRNA.
One-cell-stage embryos were injected with either 7.5 ng or 10 ng of the published ipk1 MO1 (5Ј-GTCCATTTTATCCAGTTC-CATAACC-3Ј), or a control antisense MO with five mismatches (5Ј-GTGCAATTTATGCACTTGCATAACC-3Ј) (4). Published MOs (ift88 MO : CTGGGACAAGATGCACATTCTC-CAT and ift57 MO : CCTCCGCCATCCCTCTCTCTTTCT) were used to block translation of polaris/ift88 and hippi/ift57 transcripts (6) . MOs were purchased from Gene Tools (ipk1 MO1 , control MO), or Open Biosystems (ift88 MO , ift57 MO ). Synthetic capped mRNA encoding wild-type Ipk1 was prepared from linearized ipk1/pCDNA3 plasmid (pSW3012) harboring silent mutations (C to T and G to A at nucleotide positions 7 and 9, respectively, of the ORF) in the ipk1 MO1 -binding site. For mRNA encoding kinase-dead (kd)-Ipk1, site-directed mutagenesis of pSW3012 changed the sequence encoding the Cys at position 168 to Tyr (pSW3369). mRNA was generated by using a mMassage mMachine kit (Ambion) and purified with a Sephadex G50 (fine) spin column (Roche). Embryos at the one-cell stage were coinjected with 7.5 ng of MO (ipk1 MO1 or control MO) and 500 pg of synthetic mRNA.
Zebrafish Immunohistochemistry and Whole-Mount in Situ Hybridization. Embryos were fixed overnight at 4°C in 4% paraformaldehyde, 0.15 mM CaCl 2 , 4% sucrose in 0.1 M phosphate buffer (pH 7.3) and treated with acetone at Ϫ20°C for 7 min, and indirect immunofluorescence was performed with 1:200 anti-acetylated tubulin monoclonal antibody (Sigma) or 1:250 monoclonal anti-␥-tubulin antibody (Sigma) and 1:500 Alexa Fluor 568 goat anti-mouse conjugate (Molecular Probes). Images were obtained by using a Zeiss LSM510 Meta laser scanning confocal microscope. Fluorescence intensities of the anti-␥-tubulin signals were measured by using Volocity software (Improvision). Whole-mount in situ hybridizations were performed as described (43) . Images were obtained by using a Retiga 1300 CCD camera (Qimaging) mounted on a stereomicroscope (Leica MZFLIII) and OPENLAB software.
Ciliary Length Measurement and Videomicroscopy. Ciliary length measurements were made with Volocity software. Base and ends of immunolabeled individual cilia were marked in the confocal z-stack images and outlined, and the calculated length was recorded. For visualizing KV ciliary beating, live embryos (12 hpf) were removed from their chorions, mounted in SeaPlaque low-melting agarose (Biowhittaker Molecular Applications) (1.0% in embryo medium) in microwells of glass-bottom culture dishes (MatTek), and covered with embryo medium. Movies were acquired for 30 sec by using OPENLAB software (Improvision) at 55 frames per second with a 63ϫ DIC objective on a Zeiss Axiovert 200 inverted fluorescence microscope equipped with a Retiga Exi Fast camera (Qimaging). The movies were played frame by frame to determine the number of frames (n) for a complete ciliary beat cycle, and frequency was calculated (1/n ϫ 0.018 Hz). Kymographs were obtained by drawing a line across a ciliary trajectory by using ImageJ software (National Institutes of Health, developed by W. Rasband) and MultipleKymograph plugin (developed by J. Rietdorf and A. Seitz).
Electron Microscopy. Zebrafish embryos were fixed in 4% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, postfixed in 1% OsO 4 in cacodylate buffer, dehydrated through an ethanol series, equilibrated in propylene oxide, and then embedded in epoxy resin. Thin sections were stained with uranyl acetate and lead citrate and examined in a Hitachi H-800 electron microscope.
Melanosome Transport Assay. Zebrafish day 5 larvae were darkadapted for maximal melanophore dispersion, and the assay was performed in embryo medium as described (26) . Larvae were exposed to epinephrine (0.5 mg/ml) for melanosome retraction, washed with excess embryo medium, and then treated with caffeine (1 mg/ml, pH 7.0).
Cell Culture and Immunofluorescence. HeLa, LLC-PK1 Cl4, and MDCK cells were grown to 70-80% confluency on 22-mmdiameter glass coverslips in DMEM with 10% FBS (GIBCO) and 2 mM glutamine without antibiotics. A sequence encoding zebrafish ipk1 was cloned in pEGFPc1 and pEGFPn3 (Clontech) for amino (GFP-Ipk1) (pSW3235) and carboxyl-terminal (Ipk1-GFP) (pSW3236) fusions. Both fusion proteins localized similarly, with GFP-Ipk1 used in all studies shown. Sequence encoding the gene for human Ipk1 was cloned into the pEGFPc1 vector for GFP-hIpk1 (pSW3351). Plasmids were transfected by using Lipofectamine 2000 (Invitrogen), and cells were grown for 24-36 h, fixed for 30 min in 3% paraformaldehyde at room temperature (RT), and analyzed for direct GFP fluorescence. Fixed cells were permeabilized with PBS/0.2% Triton X-100 for 10 min, blocked in 3% milk for 10 min, incubated for 1 h with primary antibody (diluted in PBS/3% milk) at RT and then for 1 h with secondary antibody [Alexa Fluor-conjugated secondary antibodies (1:500; Invitrogen) in PBS/3% milk]. Primary antibodies included mouse monoclonal anti-acetylated tubulin antibody (1:200; Sigma), rabbit polyclonal anti-pericentrin antibody (1:500; Abcam), and mouse monoclonal anti-␥ tubulin antibody (1:250; Sigma). TO-PRO-3 (Invitrogen) was used for nuclear counterstaining.
